With the development of polymer-filled composites, the demand of high thermal conductivity materials is much attractive than ever. However, the process of a common method to improve thermal conductivity of composites is considerably complicated. The aim of this study is to investigate thermal conductivity of epoxy filled silver nanoparticle deposited aluminum nitride nanoparticles with relatively convenient process. We found that the thermal conductivities of composites filled with AlN/Ag nanoparticles are effectively enhanced, which is enormously increased from 0.48 Wm-1K-1(1.88 vol%) to 3.66 Wm-1K-1 (19.54 vol%). This can be ascribed to the bridging connections of silver nanoparticle among aluminum nitride nanoparticles. In addition, the thermal contact resistance of the epoxy composites filler with AlN/Ag nanoparticles is decreased, which is proved by the fitting measured thermal conductivity of epoxy composite with one physical model. We believe the finding has great potential for any microelectronic application.
INTRODUCTION
Over the past few decades, the development of polymer composites filled with nanoparticles has attracted research attention from practical needs and fundamental science because of their flexible functional applications, good processing and relative lowcost.1-3The increasing importance of the heat removal of the composites is explained both by academic and industrial communities due to increasing power densities in electronics. Design of ultrafast high power density communication devices and the next generation of integrated circuits makes it extremely important to search for materials which conduct heat well. [4] [5] [6] [7] [8] In the ordinary polymers, epoxy has been widely used owing to its high resistivity and excellent processability.Unfortunately, epoxy has a very poor thermal conductivity (K) which is about 0.2 Wm-1K-1 at room temperature.9-12 An effective approach to increase the thermal conductivity is to embed inorganic particles with high thermal conductivity into epoxy resin. Plenty of research on epoxy composites loaded with different fillers such as SiC (silicon carbide),13, 14 BN( boron nitride),15, Letter 16AlN ( aluminum nitride),15, 17and Al 2 O 3 ( aluminum oxide) 18, 19 were studied by a number of groups. Among these fillers, aluminum nitride is an outstanding candidate due to its high thermal conductivity, high temperature resistance and relatively low cost.12 Therefore, AlN has played an important role in technological use as a heat sink substrate for semiconductor devices.20Generally speaking, in order to achieve high thermal conductivity the filler loading is extremely high (more than 50 vol%). However, there can be voids between fillers formed because the filler is rather inflexible, which will limit the formation of thermal conduction networks. 21A new type of filler which can achieve high thermal conductivity is required with low filler loading.
In this study, we use a novel nanoparticle which is composed of silver nanoparticle deposited aluminum nitride as filler for epoxy to investigate the thermal conductivity. The results indicate that AlN/Ag nanoparticles can extraordinarily enhance the thermal conductivity of epoxy composites compared with AlN nanoparticles. We believe that the Ag nanoparticles distributed on the surface of AlN could link the individual AlN nanoparticles in the K -1 is obtained, which is almost 17 times higher than that of pure epoxy. The result demonstratesthe promising prospect in advanced microelectronic industry production.
SILVER NANOPARTICLE-DEPOSITED ALUMINUM OXIDE NANOPARTICLE AS FILLERS FOR EPOXY COMPOSITES WITH HIGH THERMAL CONDUCTIVITY

EXPERIMENTAL SECTION 2.1 Materials
High purity aluminum nitride nanopowder which average size is less than 100 nm was purchased from Aldrich Corp. Epoxy resins (epoxy equivalent weight: 165-175g/eqiv.) were obtained from Dow Co., Ltd. Both curing agent and catalyst were provided by Sigma-Aldrich.
Preparation of AlN/Ag nanoparticles
In a typical process, 3g of commercial AlN nanopowder (<100 nm, Aldrich, China) and 1.5g of polyvinyl pyrrolidone PvP were dispersed in N, N-dimethylformamide DMF (200ml, purity ≥99.5%). The dispersion was sonicated for 90 min in a flask. Then 3g of silver nitrate (AgNO 3 , 99.8%) aqueous solution (50ml) was dropped into the AlN/DMF mixture for an hour and heated up to 62 °C under mild stirring simultaneously. When stirring was finished, the solution was kept at room temperature for 24 h to make the Ag nanoparticles well-dispersed on the surfaces of AlN. The Ag+ were reduced by DMF. 22, 23. The AlN/Ag/DMF solution was washed with ethanol for three times after it was centrifuged and filtered. Fig. 1 illustrates the schematic diagram of AlN/Ag nanoparticles preparation. 
Preparation of epoxy-based composites
The AlN/Ag/epoxy composites with different loadings of AlN/Ag nanoparticles were processed by the following route: Before the addition of AlN/Ag hybrid, a stoichiometric amount of curing agent was added into the mixture of epoxy resin and catalyst, then mixed with a high speed mixer under vacuum. After that, the composite solutions with homogeneously dispersed AlN/Ag nanoparticles were gently poured into the silicone mold and cured at 180 °C for 2 h, and 220 °C for another 3 h. Neat epoxy and AlN/epoxy composites with different loadings were fabricated by the same procedure as described above.
Measurement and Characterization
The morphology of AlN/Ag nanoparticles were determined by the transmission electron microscopy (TEM) using TEM-G2F20 with an accelerating voltage of 200 kV. Wide-angle X-ray diffraction (XRD) patterns of AlN and AlN/Ag nanoparticles were collected using Cu Kα radiation at an accelerated voltage of 40kV and a current of 30mA at scan steps of 0.01° from 30° to 60°.
In-plane thermal conductivity (λ) is based on the equation (1):
where ρ is the bulk density of the specimens, CP is the specific heat capacity, and D is the thermal diffusivity. A non-contact laser flash method (LFA-467, Netzsch) was carried out to investigate the thermal diffusivity (D) of the specimens. The specimens (diameter ~ 12 mm, thickness ~ 1 mm) for measurement were sprayed with an extremely thin layer of graphite powder at both sides. The specific heat capacity (C P ) was characterized by using DSC (Q20, TA instruments). An impedance analyzer (Agilent 4294A) was employed to determine the dielectric properties of the composites with the frequency range of 103 to 106 Hz. All the measurements were characterized at 25 °C. 
3.RESULTS AND DISCUSSIONS 3.1 Characterization of AlN/Ag nanoparticles
Thermal conductivity of the composites
The in-plane thermal conductivities of AlN/Ag/epoxy composites as a function of filler content (V f , vol%) was examined and the results are shown in Fig. 3 (a) . The thermal conductivity of neat epoxy is only 0. K -1 at 19.54 vol% fraction, which is 16.4 times higher than that of neat epoxy. It can be seen that the thermal conductivities of composites increase as Vfincrease. It should be noted that there is no significant improvement in thermal conductivity between the one of AlN/epoxy and AlN/Ag/epoxy composites for the loading below 3.89 vol%. The reason is that the AlN/Ag nanoparticles are almost surrounded by the epoxy resin and cannot contact other fillers. However, the prominent difference in thermal conductivity is observed when the filler loading exceeds 3.89 vol%. Moreover, when the volume fraction reaches up to 19.54 vol%, the thermal con- . It indicates that the AlN/Ag hybrid is more efficient to improve the thermal conductivity than the AlN nanoparticle. The efficiency of the nanofillers in epoxy can be calculated by the thermal conductivity enhancement (TCE), which is defined as equation (2): (2) where K and Ke are the thermal conductivities of the composites and neat epoxy, respectively. TCE factor (ψ) as a function of Vf for the two types of epoxy composites fabricated are presented in Fig.  3 (b) . It is clear that the TCE factors increase as the filler loadings increase, and there is a distinct difference between the AlN/Ag and AlN composites when Vf exceeds 3.89 vol%. For instance, the TCE of AlN/epoxy composite with 3.89 vol% is 128%, while the homologous value of AlN/Ag/epoxy composite is 433%. Moreover, when the Vf reaches to 8.35 vol%, the ψ value of the AlN/Ag/epoxy composite is 1062% compared to the corresponding value of AlN/epoxy (ψ=319%). Fig. 3 (c) shows the 
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where K is the thermal conductivity of composite, K 0 is a pre-exponential factor that depends on the thermal conductivity of the contracting filler, Vf is the volume fraction, V c is critical volume fraction at the thermal percolation threshold, which is described as equation (4): (4) where α is the aspect ratio of the fillers and t(α) is a thermal conductivity exponent depending on the aspect ratio of the fillers. In our experiment, the value of V c (0.01) was achieved. The pre-exponential factor K 0 were chosen at 5 Wm -1 K -1 and 7 Wm -1 K -1 for AlN/epoxy composites and AlN/Ag/epoxy composites, respectively. Also, we found the thermal conductivity exponent t(α) were 0.6 and 0.4 for AlN/ epoxy composites and AlN/Ag/epoxy composites, respectively. Furthermore, we can estimate the thermal contact resistance defined as equation (5): (5) curing procedure of epoxy, which result in the formation of thermal t indicates that the AlN/Ag nanoparticles provide substantially higher hancement as compared to AlN nanoparticles.
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Dielectric properties of the composites
4.CONCLUSIONS
In this work, AlN/Ag/epoxy composites with low filler contents were fabricated to enhance the ther- Figure 4 mal conductivity. Owing to the bridging connections of silver nanoparticles among aluminum nitride nanoparticles, the thermal conductivities of the composites were significantly increased. The highest value of 3.66 Wm -1 K -1 is obtained at 19.54 vol% fraction, which is almost twice as high as the compared value of AlN/epoxy composite. The simulated data indicates that the tremendously enhancement could be attributed to the decrease of thermal contact resistance with the bridging connections by Ag nanoparticles. It is concluded that the AlN/Ag/ epoxy composites with excellent thermal conductivity has great potential in the fields requiring efficient heat dissipation.
